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ABSTRACT
Wind tunnel experiments were conducted to understand the turbulence-
induced motions of a rigid flat plate able to rotate at its quarter span. Dom-
inant coherent motions that varied along the vertical direction were imposed
on the incoming flow using a variety of tapered cylinders. Emphasis is placed
on the effect of cylinder tapered ratio Rt= 6.4, 9.5 and 18.6, incoming flow
velocity U0= 3, 4.6 and 6 m s
−1 and cylinder-plate spacing Ld/c ∈[2, 8].
Results show that the plate oscillations is dominated by two distinct modes.
One of them corresponds to the mean flow-induced oscillation frequency,
fp, whereas the other is synchronized with the cylinder vortex shedding fre-
quency, fv. The trends of these two frequencies is different with cylinder
tapered ratio. The fv was proportional with Rt; however, fp was inversely
proportional to Rt.
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CHAPTER 1
INTRODUCTION
Flow pass bluff bodies such as circular cylinders has been subjected to intense
inspection due to its wide applications in engineering. Studies show that for
Reynolds numbers Re= Ud/ν > 170, where U is the incoming velocity, d is
the diameter of the cylinder and ν is the fluid kinematic viscosity, the wake
exhibits three-dimensional characteristics [1]. Further increase of Reynolds
number (Re > 400) can generate turbulence [2] with further impact on the
three-dimensionality of the wake. Experimental and numerical investigations
have reported that instability near the vortex formation region triggers the
three-dimensional wake [3], which is also shown from the Floquet stability
analysis by [4]. A comprehensive discussion of related phenomena is given
in [5].
In contrast to uniform cylinders placed in uniform incoming flows, complex
three-dimensional vortex patterns are more common in nature, which occurs
with cylinders in non-uniform flows, or cylinders with non-uniform cross-
sections. Under these situations, it has been reported that three-dimensional
wake occurs when Re is well below 170 [6]. Of particular interest is the
three-dimensional vortices shed from non-uniform cylinders. In the case of
tapered cylinders, the variation of the diameter along the span of the cylinder
results in local vortex shedding frequencies as f = Std/U , (St is the number
as a function of Re), which acts as an additional disturbance to the local
instability and enriches the three-dimensionality of its wake structure [7, 8].
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In such cases, vortices are shed in a distinctive cellular pattern along the
cylinder span, with a constant frequency within each cell and an abrupt
frequency change across the cell boundaries. This has been attribute to an
effect of the strong flow mixing along the cylinder span [9]. Evidence suggests
that the increase of the taper ratio strengthen the three-dimensionality of the
wake. Some theoretical arguments for the frequency modulation and vortex
dislocation are provided in [10], [11]; [12] proposed a simplified model to
predict qualitative features of vortex cells.
A variety of methods have been inspected to control the wake behavior.
Splitter plates have been one of the most common passive means of control-
ling various aspects of the vortex formation processes. An attached splitter
plate on the rear side of cylinders was first studied by [13], where a splitter
plate of length l/D = 5, at Re = 7500 was found to be effective in sup-
pressing the periodic shedding. [14] found that increasing the length of a
splitter plate from l/D = 0 to l/D = 1 produces a decrease in the Strouhal
number. While further increases in plate length beyond l/D = 1 results in
a progressive increase in shedding frequency. [15] and [16] showed that
splitter plates suppress vortex shedding by significantly narrowing the wake
width and the drag coefficient; Strouhal number can be reduced significantly
with a sufficiently long splitter.
Other Cylinder-splitter systems have included detached configurations.
Early studies by [17] focused on the effect of a gap (G) between the cylinder
and the splitter plate. Measurements indicated that when a splitter plate is
located close to the body, the vortex street cannot develop, and the wake is
dominated by an instability of the shear layer separating from the cylinder.
[18] further showed that the surface pressure distribution, base suction co-
efficient, drag coefficient and Strouhal number are sensitive to such gap; an
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abrupt change of these coefficients appear to occur at G/d = 2.
Special attention has been placed not only on wake fluctuation control but
also on fluid-structure feedback mechanism on flow-induced motion (FIM)
of a rigid plate. Splitter dynamics has recently gained popularity from FSI
studies due to their potential in energy harvest, locomotion and other appli-
cations [19, 20]. [21] presented numerical simulations of actively controlled
pitching of splitters; they showed that not only multiscale motions appears
from vortex shedding but also plate dynamics can be induced in the wake.
[22] studied the pitching of a hinged splitter at the rear base of a stationary
cylinder. They showed that a transition from periodic oscillations to small-
amplitude, chaotic motions occur when increasing the splitter length. [23]
investigated an airfoil placed in the wake of a cylinder. Airfoil motion that
transitions from stable state to oscillation induced by cylinder vortex shed-
ding was observed. They also found that the vortex shedding frequency of
cylinder-airfoil system mainly depends on the cylinder wake regime. A very
recent work by [24] showed that in addition to the cylinder vortex induced
oscillation, a weaker flow induced oscillation is also found in plate oscillation.
Despite their importance, previous cylinder-splitter systems have been ex-
plored mostly on parallel circular cylinders under uniform incoming flows.
However, that flow condition is rarely met in nature and engineering ap-
plications; interaction between tapered cylinder and splitter plate has not
yet been addressed. Understanding the dynamics of splitter plate behind a
tapered cylinder serve as the first step to uncover structure behaviors be-
hind non-uniform bluff bodies and helps to gain insight on the role of shear
incoming flow due to the similarity of constant shear flow and linearly ta-
pered cylinders in their wake characteristics [25, 26, 27]. This may serve
to determine specific design parameters on applications such as wind energy
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engineering, flight dynamics and energy harvesting devices. In this work,
we aim to provide quantitative description of FIM on a detached splitter
plate in the wake of tapered cylinders under different spacing, taper ratio
and mean flows. A comprehensive experimental investigation is performed
and temporal features of both plate motions and wake of cylinder-plate sys-
tems is studied. The experimental setup is provided in section 2, the results
and discussion are presented in section 3 and conclusions are summarized in
section 4.
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CHAPTER 2
EXPERIMENTAL SETUP
Figure 2.1: Basic schematics of tapered cylinder and splitter plate in the
wind tunnel.
Figure 2.2: Plan view of cylinder-splitter system illustrating basic variables.
The passive pitching of splitter plate located downwind of tapered cylinders
was characterized for various mean flows, tapered ratios and cylinder-splitter
configurations. These cylinder-splitter systems were placed in the Talbot
Laboratory wind tunnel of the University of Illinois at Urbana-Champaign.
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The Eiffel-type wind tunnel has a test section 0.914 m wide, 0.45 m high and
6.1 m long. See [28] for additional details of the facility.
Four cylinders (three tapered and one parallel) made by PLA material
from 3D printing were sanded and polished with Acetone to achieve smooth
surface. All Cylinders had the same height l = 0.44 m and base diameter
d2 = 85 mm with diameters varying linearly along their spans. The taper
ratios (Rt defined by L/d2− d1) of the cylinders were 6.4:1, 9.5:1, 18.6:1 and
∞ (i.e., parallel cylinder). They were placed vertically in the wind tunnel
with an end plate attached to the bottom wall of wind tunnel and allowing
a slight gap (<5 mm) from the top wall. A rigid flat plate made from balsa
material of density ρb = 107.5 Kg m
−3, thickness k = 6 mm and chord
c = d2 were also placed vertically along the full span of wind tunnel test
section, supported by two low-resistance bearing at the top and bottom side,
allowing free pitching motion even at very low wind speed of 1.8 m s−1. The
single-point support defined its axis of rotation, was placed at Xr/c= 0.25.
Where Xr is the distance along the chord from one edge of the plate resulting
moment of inertia of plate was I = 2.589 Kg m2. Note that added mass in
air is negligible due to comparatively large mass ratio in our experiment.
The dynamics of the plate pitching and the wake of the cylinder-splitter
assembly were characterized by different cylinder-splitter configurations with
tapered cylinders placed at various upwind locations Ld/c ∈[2, 5] with in-
crements of 0.5 d2 and Ld/c ∈[6,10] with incremental changes of d2. Also,
three different flow velocities U= 3 m s−1, 4.5 m s−1 and 6 m s−1, resulting
in Reynolds numbers Re = Ud2/ν = 1.63 × 104, 2.45 × 104 and 3.26 × 104.
Here, ν is the kinematic viscosity of air.
A small (34 mm × 13 mm × 7 mm) 6-degree wireless accelerometer was at-
tached to the bottom of the plate for capturing the oscillations at a sampling
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frequency of 200 Hz with an uncertainty of 0.07 deg s−1. More details on the
accelerometer can be found in hamed2015transient. A hotwire anemometer
installed on a traverse system was located 3c downstream of the plate edge,
offset by d2 from the center line of the cylinder to obtain high-resolution mea-
surements of the streamwise velocity along the span of the cylinders. The
probe is made of 5.0 µm tungsten wire, was connected to a Dantec dynam-
ics system and operated at a sampling frequency 10 kHz. Calibration was
conducted against a pitot tube considering six flow velocities. During the
calibration and measurements, the temperature was kept within ±0.5 ◦C to
avoid bias errors due to thermal drift of the voltage signal. Data were col-
lected for a period 60-90 s after steady state was reached (minimum waiting
time 60s).
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CHAPTER 3
RESULTS AND DISCUSSION
In this section, the characteristic of splitter plate pitching dynamics is de-
scribed as a function of Ld/c, tapered ratio of cylinder and Re. Hotwire
measurement s of the velocity fluctuations at various spanwise and trans-
verse location are also presented to uncover the plate pitching characteristic.
Figure 3.1: Angular velocity spectra of the splitter plate and velocity
spectra in the cylinder wake.
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3.1 Plate dynamics
The dynamics of the plate exhibited two distinctive frequencies for all config-
urations (Ld/c= 2 to 10, three taper ratios and Re). One was synchronized
with the vortex shedding frequency fv of the cone shape cylinder and the
other was induced by the incoming flow, fp.
3.1 illustrates the spectra of the plate angular velocity at two different
locations (Ld/c= 4 and 6) behind the mildly tapered cylinder (cylinder B,
Rt= 9.5); velocity spectrum of the same cylinder wake is included to illustrate
two distinct spectral peaks. A strong peak fv matching the frequency of
vortex shedding of the cylinder wake is observed. Another weaker peak fp of
a lower frequency is also shown. From 3.1, we note that fp increases as the
distance between cylinder and splitter plate increases, whereas fv remains
unchanged.
We can define two distinctive regions from the spectrum (Φp) of the splitter
plate. Similar to [29], a transfer function in the spectral domain can be
inferred can be inferred from the equation of motion, where a peak occur
at the system’s natural frequency. Here, fp can be treated as the natural
frequency for the whole system under uniform incoming flow. According
to the transfer function, for f < fp a trend Φp ∝ 2 is observed matching
the slope transfer function, this low-frequency region is then defined as the
first region. Note that within such frequency range, the velocity spectrum
Φu ∝ f 0 occurred in all cases. Following the transfer function, for f > fp,
a power law decay of Φp ∝ f−2 should be observed. However, this decay
is not clear due to fp and fv are relatively close. Instead, a second region
is shown when f > fv, where the turbulence is within the inertial subrange
Φu ∝ f−5/3. As a result, in the high-frequency range, the plate angular
9
Figure 3.2: Dominant frequency fv of the oscillation of the plates with
cylinders. Colose look of the trends for Ld/c ≤ 3 are highlighted for a) U0 =
3 m s−1 and b)U0 = 4.5 m s−1.
Figure 3.3: Frequency of the plate oscillations, fp, with cylinders under
U0 = 3m s
−1.
velocity spectra Φp ∝ f−5/3 × f−2 is observed. This phenomenon suggests a
general behavior of oscillation structure experiencing non-linear transition of
energy cascade under turbulence.
3.2 and 3.3 illustrate the trends of fv and fp as a function of Ld/c for
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all the cylinder cases. A significant jump of St occurred roughly at Ld/c=
3-3.5, which is also the case for U0 = 6 m s
−1 (not shown here for brevity).
It reveals a relation St ∝ b/Lf for straight cylinders proposed by [18],
which still holds for three-dimensional cylinders. Here, b is body width and
Lf is the vortex formation length. It is clear that when Ld/c > 3, the
distance between the cylinder and plate ending edge is sufficiently large that
causes vortices no longer able to contain the whole plate and be forced to
form inside the cylinder-splitter gap, thus the St suddenly increases as the
formation length drops due to that the vortices are forced to form inside
the gap between cylinder and plate. Our result shows good agreement with
previous experimental and numerical studies [18, 30, 31]. Note that Ld/c
here is defined from axis of rotation of the plate to center of cylinder.
Other interesting insights that can be drawn from 3.2 is that the splitter
dynamics is different from previous parallel splitter- cylinder systems. In
particular, this is the case for the trend from Ld/c=2 to 3 which is shown
highlighted on the right side of 3.2. In this low St regime, we observed that
the tapered cylinders have a much steeper slope of frequency drop compared
to parallel cylinders regardless of the taper ratio. This suggests that the
relation St ∝ b/Lf should have a different scaling coefficient for non-uniform
cylinders. Explanation of this phenomena aided by flow field data will be
provided in section 3.2. Note also that for Ld/c ≥ 4, fv is no longer a
function of Ld/c; it is roughly constant across Ld/c. This constant matches
the cylinder vortex shedding St as pointed out in 3.1. It might be expected
that larger taper ratio should result in higher St; however, we found that such
St is actually inversely proportional to the cylinder taper ratio. Increase of
taper ratio results in a decrease of St, whereas the most tapered cylinder
have a frequency almost identical to the parallel cylinder across U0. This is
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Figure 3.4: Dominant frequency fv for Ld/c ≥ 3 for different taper ratios.
a)U0 = 3 m s
−1, b)U0 = 4.5 m s−1.
illustrated in 3.4 with the tapered angle against St. It will also be explained
by the flow field acquired using hotwire anemometer in section 3.2.
Figure 3.5: Pitching frequency, fv, under various incoming flow velocities.
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3.5 shows the base Strouhal number (Stb = fd2/c) computed using fp
and fv at Ld/c= 6 for three incoming velocities for each tapered cylinder; it
reveal a linear increase of fp and fv with U0. This linear relation has also
been reported by [32] and [24] suggesting a simple differential equation
that can approximate the flat plate pitching motion, Iα¨ + Mw = 0, where
Mw represents the ensemble effect of the torques generated from the flow, α˙
and α does not appear in the equation since there is no damping and spring
restoring term presented in the system under our assumption that friction
is negligible for the bearing. Ml can be further decomposed into MD, ML
and Mre, which corresponds to the torques generated from drag and lift of
the plate and all other torques from the unsteady wind forces. To estimate
the dominating oscillation frequency of the plates undergoing small angle
of attack pitching, it is noted that the effects of MD and Mre are much
smaller than those from ML [33, 34]. Thus, the governing equation reduces
to Iα¨+ML = 0 only. By further linearizing this equation, a relation showing
fp∝U is obtained [35].
Additional insight of the trend of fp is given in 3.3. A very different
trend from those of fv is observed. For more tapered cylinders, a higher
fp is seen while fv is lower. This is due to the blockage ratio from the
cylinders; those with larger taper ratio (thus, larger diameter on the small
end) produces smaller effective velocity, resulting in a lower fp matching the
fp ∝ U . Additionally, as the gap between splitter and cylinder increases the
velocity deficit in cylinder wake slowly recover, raising the effective velocity,
such effect is demonstrated as the increase of fp as Ld/c increases.
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3.2 Flow characteristic in cylinder wake
To further investigate the cylinder-splitter system characteristics, flow field
measurements are performed at selected streamwise and spanwise locations
downwind of the cylinder without splitter plates as the base cases providing
insight on the system behavior. Extra measurements are made with plate
fixed at their equilibrium location to provide insight on the effect of the plate
on the velocity fluctuations.
The well-known cell structure of local St = fdlocal/U0 in the wake of dif-
ferent taper cylinders is summarized in 3.6. As expected, more cells can be
observed with higher taper ratio. As expected, St is constant throughout
spanwise direction for the standard cylinder. Additionally, cell increases in
size from the small diameter end to the large diameter end of the cylinder,
which are consistent with previous experimental works [12, 6] and numerical
simulations [36], even though a much smaller taper ratio is used here. Only
the case with U0 = 3 m s
−1 is shown here for brevity; other cases present
same trends.
Hotwire measurements are presented from three different downstream lo-
cation Ld2/c = 2, 4 and 7 are shown in 3.7 to further inspect on the spectral
content of the velocity fluctuation in the cylinder wake. The near wake case
(Ld2/c = 2) contains multiple cells of high frequency, whereas their spectra
power density are relatively weak compare to cells induced from larger diam-
eter end of the cylinder, indicating the strength of vortical structures shed
from larger diameter are stronger. Two different processes on the evolution
of the vortical structure occurs downwind. First, the weaker high frequency
ones shed from the smallest end of cylinder A starts to dissipate and become
negligible. For the less tapered cylinders, mixing between different cells is
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observed as the cells merged into the larger ones. This second process is an
averaging of the frequency between different cells, therefore increasing the
most dominated base shedding frequency. Further downstream, to the far
wake, only a single cell of this averaged frequency and its harmonic domi-
nated, as shown in 3.7(c). This final modified frequency later on appears to
be the stable fv observed from splitter plate oscillation.
3.7 provides insight on the dynamic characteristic of the splitter plate
shown in 3.2. We have observed that for Ld/c ≈ 4, the mixing between
cells already developed matching where a steady fv starts. For the Rt = 6.4
case, the high frequency cells are the smallest in cell size as indicated in
3.6 but their strength are also the weakest. Thus, the integral effect of the
high frequency cells is negligible during the mixing process, giving a Stb
unaffected. This results in a rather counter-intuitive phenomenon that for
the most tapered cylinder-splitter system sharing the same fv with parallel,
non-tapered cylinder-splitter system. Moreover, increasing the smaller end
diameter twice making the cylinder less tapered (Rt = 9.5), both the size
and vortical strength of high frequency cells increase significantly and the
integral effect of these two factor become ineligible in the mixing process.
While further increasing the small end diameter twice more (Rt = 18.6).
Although now only one high frequency cell is observed. Both of its cell size
and strength are comparable to the base cell. Therefore, a stable frequency
that is approximately an average of these two cells is demonstrated as shown
in 3.7(c).
We can then infer that for any taper ratio lower than Rt = 6.4, its domi-
nating frequency after mixing will be simply identical to Stb, while increasing
Rt to some point between 6.4 and 9.5 we can expect to observe the role of
high frequency cells in mixing. As Rt enter the range of 9.5 to 18.6, increases
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Figure 3.6: Spanwise distribution of Strouhal number based on base
diameter.
in taper ratio will also lead to raise in the final modified frequency. However,
since only a single cell is observed from Rt = 18.6 case, it is reasonable to
assume that any further increasing of Rt from 18.6 will result in dropping of
final modified frequency caused by the decreasing frequency from that single
high cell other than base cell. Their extreme case will be the parallel cylinder
(Rt approaches infinity), where St will return to a value slightly lower than
0.2.
Another conclusion that can be drawn from 3.7 is that the relative strength
of high frequency cells are stronger in near wake and decays much faster
compare to the base cell. Thus, providing explanation for the much steeper
drop of St for taper cylinders within the range of Ld/c from 2 to 3 in 3.2.
While for the parallel cylinder case only a mild decrease is observed.
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Figure 3.7: Velocity spectra in the cylinder wake at Ld/c = a) 2, b) 4, c) 7.
In order to verify the described process when the plate is present in the
system, a set of measurements with splitter plate fixed at the cylinder center
line with orientation aligned to the mean flow is performed. 3.8 shows the
case of splitter plate placed at Ld/c = 2 and Ld/c= 4, with hotwire measuring
the flow field right behind the plate. First, it is noted that the formation
length has been altered greatly by the splitter plate on the Ld/c = 2 case. The
formation length of the vortices are extended by the plate as described earlier
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Figure 3.8: Velocity spectra in cylinder wake at Ld/c = a) 2, b) 4.
in section 3.1. Also, nearly identical St number much lower than 0.2 is shown
for all three different taper ratio cylinders. Proving that if splitter is close
enough to the cylinder for vortices to engulf the whole plate, the formation
length (Lf ) will be only a function of the location of the plate edge, thus
giving all three cylinders similar St. However, as splitter moves downwind
over a critical gap that is too large for the vortices to engulf, an increase of
St will be shown as in 3.8(b). We can also see that although the formation
length plays a role when splitter is presented, the mixing process described
previously still hold; an increase in St as cylinder taper ratio increases as well.
Additionally, the existence of splitter further enhance the mixing process; the
cells are well-mixed into one single cell at Ld/c= 4 compared to figure 3.7(b).
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CHAPTER 4
CONCLUSION
The effect of vortical structures induced by non-uniform circular cylinder
on the passive pitching and oscillations of a rigid splitter plate was studied.
Various taper ratios Rt and cylinder-plate spacing Ld/c were investigated.
Plate dynamics exhibited two dominant modes of oscillations. One of them,
fp, is induced by the mean flow. The value of fp is simply determined by
the effective velocity experienced by the splitter plate. Thus, larger taper
ratio result in a larger blockage area and a decreasing fp. The other, fv, is
induced by the vortex shedding of cylinder. For Ld/c = 2 − 3, the effect of
vortex formation length dominated. In this region, we found that fv induced
by the tapered cylinders shared a similar value and have a much severe slope
drop compared to the case with parallel cylinder. As Ld/c >= 4, cells of
different shedding frequency created by tapered cylinders are well-mixed,
thus fv become constant. This constant frequency increased as Rt increased
due to the integral effect from strength of these high frequency shedding
vortices and the cell size.
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